The kinetics of oxidation of a number of meta-and para-substituted N,α-diphenylnitrones (nitrone) by dichloramine-T (DCT) was investigated in the presence of alkali in aqueous acetonitrile medium. The order with respect to DCT was one and to OH -an inverse fractional order. The reaction was first order with respect to nitrone. Both electron releasing and withdrawing substituents suppress the reaction rate. The observed rate constant for the substituents were plotted against the Hammett constant, σ, and a non-linear concave downward curve was obtained. The electron withdrawing substituents fall on one side of the curve, having a negative ρ value and the electron releasing substituents fall on the other side, with a positive ρ value. A mechanism is proposed and the derived rate law is in conformity with the observed results.
INTRODUCTION
Many oxidation reactions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] have been performed using dichloramine-T (DCT). DCT is an effective oxidizing and also chlorinating agent. The kinetics and oxidation of nitrone and substituted nitrones [12] [13] [14] [15] [16] have already been reported. However, there is no systematic kinetic report on the oxidation of some substituted N,α-diphenylnitrones by N-halo compounds. In this paper, results on the kinetics of oxidation of some meta-and para-substituted N,α-diphenylnitrons with dichloramine-T (DCT) in aqueous acetonitrile in the presence of sodium hydroxide are reported. 
EXPERIMENTAL
Dichloramine-T was prepared by the chlorination of p-toluenesulphonamide. 17 N,α-diphenylnitrone and substituted N,α-diphenylnitrones were prepared by literature methods. 18 The purity of the nitrones were checked by their melting point, mixed melting point and the TLC method. AnalaR grade sodium hydroxide and sodium perchlorate, and purified acetonitrile were used. Doubly distilled water was employed throughout this study.
Kinetic measurements
For the kinetic runs, a measured amount of DCT pre-equilibrated at 35 °C was rapidly added to a thermally equilibrated mixture containing the appropriate amounts of the nitrone, alkali, acetonitrile and water. The progress of the reaction was monitored for two half lives by the iodometric determination of unreacted DCT in a measured aliquot withdrawn at regular intervals of time. The first-order rate constants were reproducible within ±3 %.
Stoichiometry and product analysis
Stoichiometric runs, performed with an excess of DCT in the presence of sodium hydroxide, revealed that one mole of the oxidant was consumed by one mole of nitrone:
For identification of the product, an excess of oxidant was mixed with a substrate under kinetic conditions. After completion of the reaction, the reaction mixture was extracted with chloroform. The solvent was removed under reduced pressure. Two spots were obtained; products were identical with benzaldehyde and nitrosobenzene. The crude products were separated by column chromatography, benzene-chloroform as the eluent (80 % benzene-chloroform, silica gel 60-120 mesh). The melting point of the obtained solid product was found to be 67 °C which is almost identical to the melting point of the nitrosobenzene (m.p. 68 °C). The other liquid product, benzaldehyde, was confirmed by its semicarbazone (m.p. 221 °C; lit. 222 °C) and 2,4-diphenylhydrazone (m.p. 237 °C; lit. 239 °C) and 2,4-diphenylhydrazone (m.p. 237 °C; lit. 239 °C) derivatives. The recorded IR spectrum of nitrosobenzene, exhibiting three bands at 1626, 1500 and 1019 cm -1 , attributed to the stretching frequency of C-N, one sharp band at 1452 cm -1 , due to the stretching vibration of N-O, and band at 530 cm -1 , due to ring deformation and the CNO bending vibration, was similar to that of the authentic sample. 19 
RESULTS AND DISCUSSION
The reaction was found to be first order with respect to the disappearance of dichloramine-T (DCT), as evidenced by the good linearity in the plot of log titre versus time. The pseudo-first order rate constant increased with increasing DCT concnetration ( Table I) .
The rate constant increased with increasing nitrone concentration ( Table I ). The plot of log k obs versus log c(nitrone) for all the studied compounds was found to be linear with a slope of unity, indicating a first order kinetics with respect to nitrone. The double reciprocal plot of 1/k obs versus 1/c(nitrone) was linear with a finite intercept on the rate axis, indicating that the complex was formed before the rate-determining step in the reaction. 
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The effect of alkali has been studied by varying the concentration of OH -at a given substrate concentration. The plot of log k obs versus log c(OH -) showed a fractional order with respect to OH - (Table II) . The insignificant effects of sodium perchlorate on the reaction rate indicates that the reaction may be between dipoles (Table II) The rate increased with increasing concentration of p-toluenesulphonamide (PTS), indicating a shift of the free hydration equilibrium towards the left during the production of HOCl (Table III) . The rate increased with increasing [Cl -] (Table  III) . The rates of oxidation of nitrones were determined in solvents containing differrent amounts of acetonitrile. The k obs value increased with increasing amount of acetonitrile in the medium (Table IV) , which shows neutral and dipole interaction in the activated complex. The oxidation of nitrones by DCT in an at-496 MANIVARMAN et al. mosphere of nitrogen failed to induce polymerization of acrylonitrile. Furthermore, the addition of acrylonitrile did not affect the rate. This indicates that a one electron oxidation giving rise to free radicals is unlikely in the present reaction. 20e In order to investigate the effect of temperature on the reaction rate, the reaction was performed at 25, 30, 35 and 40 °C. The plot of ln (k 2 /T) versus 1/T was found to be linear. 21 The rate constant and thermodynamic parameters are tabulated in Table V .
Mechanism and rate law
The order with respect to both DCT and nitrone was unity and with respect to OH -was fractional. The addition of sodium perchlorate or acrylonitrile had an insignificant effect on the rate of the reaction. The addition of toluene, PTS or Cl -increased the reaction rate.
The observed stoichiometry for the reaction was 1:1 and the major oxidation products are found to be benzaldehyde and nitrosobenzene. Based on the above observations, a probable mechanism and rate law for the oxidation of N,α-diphenylnitrones by dichloramine-T is given below.
The substrate (nitrone), which behaves as an iminimum salt 22 , exists in two resonance forms given in Eq. The attack of an electrophile occurs at the nitrogen atom rather than the carbon atom. 
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A double reciprocal plot of k obs versus c(OH -) is linear and the values of K 1 , K 2 and k 3 are obtained from the slope and intercept, respectively. The obtained values of K 1 = 235 and K 2 k 3 = 9.33×10 -2 are consistent with the rate law.
Effect of substituents on the reaction rate
As an extension of the present investigation, the kinetics of the oxidation of some meta-and para-substituted N,α-diphenylnitrones with DCT was followed at four different temperatures (25-40 °C). The second-order rate constant and the thermodynamic parameters were calculated using the Eyring 21 plot of log (k 2 /T) against 1/T, which were linear and the obtained data are given in Table V. As can be seen from Table V , the entropy of oxidation was not constant for all the substituents. One of the conditions necessary for the applicability of the linear free energy relationship is the constancy of the entropy of activation. 23, 24 However, in most reaction series, this is not the case. If the Hammett equation is valid at one temperature, the condition for its validity at any other temperature is a linear relationship between the enthalpies and entropies and this is called the isokinetic relationship: 23, 24 ΔH # = ΔH 0 # + βΔS # A plot of ΔH # vs. ΔS # (Fig. 1 ) gave a straight line and the isokinetic temperature (β), obtained from the slope, was 326 K, which is greater than the experimental temperature, indicating that the reaction is enthalpy controlled. The linear isokinetic correlation implies that all the nitrones are oxidized by the same mechanism and the changes in the reaction rate are governed by changes in both the enthalpy and entropy of activation. This is further supported by fact that E a values are the lowest for the fastest reaction and higher for the slowest reaction. Exner 25 criticized the validity of such a linear correlation between ΔH # and ΔS # as these quantities depend on each other. When measurements at two temperatures are made, the experimental data can be treated by the following equation: 26, 27 log k 2 (T 2 ) = a + blog k 2 (T 1 ) where
The good correlation obtained when log k 2 (318 K) was plotted against log k 2 (308 K) (Fig. 2) (R = 0.982; slope = 0.680) shows that the reactions under investigation followed the same mechanism. The constancy of the ΔG # values also confirms that the reactions of all the substituted compounds followed a common mechanism. The negative ΔS # values implies the formation of an ionic transition state with an extensive charge separation, which may have a high degree of solvation and hence loss of entropy.
Deviation from the Hammett relationship
Application of the Hammett equation with the usual substituent constant σ to the log k obs data of the meta-and para-substituted N,α-diphenylnitrones resulted in a concave downward curve (Fig. 3) . Similar types of non-linear Hammett plots were observed previously in some reaction kinetics. [28] [29] [30] The obtained non-linear concave downwards type of Hammett plot (Fig. 3) is a composite of two straight lines, one with a positive ρ value and the other with a negative ρ value. A negative ρ value indicates the nucleophilic carbon is more 500 MANIVARMAN et al. positively charged in the transition state than in the reactant, while a positive ρ value indicates dispersal of the positive charge. 3 The values of the negative and positive ρ values, ρ + and ρ -, respectively, at different temperature are given in Table VI . 
